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2ABSTRACT: We have investigated the influence of the growth power on the structural 
properties of Fe100-xGax (x ca. 29) films sputtered in the ballistic regime in the oblique 
incidence. By means of different structural characterizations, mainly x-ray diffraction and 
x-ray absorption spectroscopy, we have reached a deeper understanding about the 
influence of the local and medium range order on the magnetic behavior of Ga-rich FeGa 
thin films. On one hand, the increase of the growth power reduces the crystallite size 
(medium order) that promotes the decrease of the coercive field of the layers. On the other 
hand, the growth power also determines the local order as it controls the formation of the 
A2, B2 and D03 structural phases. The increase of the uniaxial in-plane magnetic 
anisotropy with growth power has been correlated with the enhancement of both Ga pairs 
and a tetragonal distortion. The results presented in this work give more evidences about 
the magnetic anisotropy sources in Ga-rich FeGa alloys, and therefore, it helps to 
understand how to achieve a better control of the magnetic properties in this family of 
alloys.
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Fe100-xGax compounds are among the most relevant magnetostrictive materials with 
excellent ductility, chemical stability and free of rare-earths. Their magnetostriction 
coefficient (s) depends on the Ga content and on the samples processing, showing two 
maxima around 18 and 28 at. % Ga being possible to enhance s by means of fast cooling.1 
The highest s value is achieved in quenched samples at the second maxima (Ga-rich 
FeGa alloys) of the Ga-dependent magnetostriction curve,1 although up-to-date, major 
part of the research has been focused on the relationship between the microstructural, 
magnetic and magnetoelastic properties at the first peak.2-14 Less has been reported on 
Fe100-xGax alloys with compositions around the second maxima, in spite of their intrinsic 
interest.1, 15-20 The metastable diagram phase predicts an A2 single phase state just for Ga 
contents up to 21 at. %.1 It is precisely when this A2 single phase state is obtained by 
means of quenching when the magnetostriction reaches its highest value in the first 
maximum of magnetostriction. The magnetostriction in the second peak is also larger 
when quenching, but in general it exhibits an A2, B2 and D03 phase mixture.1, 15 Therefore, 
the origin of this second magnetostriction maximum seems to involve more factors than 
the first one. Since magnetostriction and magnetic anisotropy are closely related, 
investigations about the latter are crucial to understand the former.  
Recently, the correlation between microstructure and the development of an in-
plane magnetic anisotropy in Ga-rich FeGa alloys around the second peak has been 
reported.19-20 In particular, the local range order promoted by the use of different 
sputtering regimes, ballistic or diffusive, was reported in a previous work.19 To study the 
local range order, the use of X-ray absorption fine structure (XAFS) measurements are 
crucial since they can provide information about the electronic structure and local 
geometry of the scattering atom when using x-ray absorption near edge structure 
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4(XANES), and about the degree of disorder by means of extended x-ray absorption fine 
structure (EXAFS).9, 19-22 In the sputtering process, neutrals (atoms ejected from the target 
upon the impact of energetic particles) suffer collisions on their movement from the target 
to the substrate.23-25 If the number of collisions is low, neutrals keep their momentum and 
energy till the substrate, and the sputtering growth takes place under ballistic flow.23 In 
this regime, sputtered atoms arrive to the substrate with the same energy and momentum 
they acquired in the target. The ballistic flow regime increased the amount of ordered 
phases with respect to the diffusive, while the direction of the uniaxial magnetic easy axis 
seems to be set by the oblique incidence.20, 26 Actually, Y. Zhang and coworkers have 
recently reported its use for controlling the magnetic anisotropy in exchange-biased 
InMn/FeGa bilayers.27 Another key parameter in the sputtering technique is the growth 
power, tightly related to the growth rate that influences the microstructure and 
morphology of films at different scales.28-31 
In this work we address the influence of the growth power on Ga-rich FeGa thin 
films sputtered in the ballistic regime, in which we have observed that it is possible to fix 
the Ga content within a very narrow range. This allows us to better correlate the 
microstructure (medium and local range) promoted during sputtering growth with the 
magnetic properties of the layers. Thanks to this investigation, it is obtained a deeper 
understanding about the magnetic anisotropy origin in Ga-rich FeGa thin films and how 
to control it. 
 
METHODS
Samples were grown by the DC magnetron sputtering technique at room 
temperature on glass substrates. The deposition was carried out in oblique incidence with 
an angle of 25 degrees between the vapor beam and the sample plane. The distance 
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5between target and substrate was 9 cm that corresponds to the ballistic regime for the 
growth conditions used in this work.19 We have used films of Mo with a thickness of 20 
nm as buffer and capping layers. Mo was deposited by DC sputtering with a power of 90 
W in an Ar pressure of 0.3 Pa. The 200 nm-thick FeGa films were deposited from a target 
with a composition of Fe72Ga28 with a diameter of 5 cm and a thickness of 2 mm. The 
thickness of the layers has been chosen in order to promote the existence of a clear in-
plane magnetic anisotropy.20 We have used an Ar pressure of 0.3 Pa in all cases, whereas 
the growth power ranged from 50 to 90 W. The target voltage was monitored during the 
layers growth being around 430 V in all cases. In order to avoid effects related to the 
target ageing, the samples were deposited consecutively. The structure of the samples is: 
glass/Mo(20 nm)/FeGa(200 nm)/Mo(20 nm).
X-ray diffractometry (XRD) in the Bragg-Brentano configuration was performed 
in a Philips X’Pert MPD using the Cu K wavelength (1.5406 Å). The composition of the 
samples was analyzed by means of the Energy Dispersive X-ray Spectroscopy (EDS) in 
a Leica 440 scanning electron microscope (SEM) operated at 8 kV and 1.5 nA. The in-
plane hysteresis loops were measured at room temperature in a vibrating sample 
magnetometer (VSM) from LakeShore. 
The XAFS measurements were performed at BM25-Spline in the ESRF, the 
European Synchrotron in Grenoble (France). Both the Fe and Ga K-edges (7112 eV and 
10367 eV, respectively) were analyzed measuring at fluorescence yield mode. The 
EXAFS data were treated applying standard procedures employing the Demeter 
package.32 The fits were carried out in r-space using theoretical functions from FEFF8.4 
code calculated from crystallographic standards.33-34
RESULTS AND DISCUSSION
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6As can be observed in Table 1, the Ga content of the FeGa layers is almost independent 
on the growth power. In this work, the Ga content is constrained between 28 and 30 at. 
% when power increases from 50 to 90 W. Considering the experimental error, we can 
assume that Ga content is fixed for the studied power range. All the layers exhibit similar 
x-ray diffraction patterns with a main peak related to the -Fe (110) reflection as obtained 
in previous works (Figure 1).19-20, 35 The lattice parameter (a) calculated using this (110) 
reflection slightly increases with the growth power, in agreement with the almost 
insignificant increase of the Ga content (Table 1). The Scherrer’s equation (equation 1) 
using the -Fe(110) reflection has been employed to estimate the crystallite size (D). We 
have used this parameter D to characterize the medium range order: 
 (1)𝐷 =  𝑄𝛽𝑐𝑜𝑠𝜃
where Q is a shape factor taken as 0.9,  is the radiation wavelength (1.5406 Å),  is the 
full width at half maximum, and  the Bragg angle of the considered reflection, 
respectively. Here, we are assuming that variations on the full width at half maximum of 
the diffraction peak are only related to D. The observed decrease of the crystallite size 
with the growth power indicates a reduction of the medium range order (Table 1). 
The growth power has also an influence on the magnetic behavior of the Ga-rich 
FeGa layers. In figure 2 (a to c) we present the room temperature in-plane hysteresis loops 
with the applied magnetic field forming different angles with respect to the reference 
direction (sputtering incidence direction). It can be observed a clear in-plane uniaxial 
magnetic anisotropy in all the considered samples, which is enhanced upon the increase 
of the growth power (Figure 2d). The easy axis coincides with the oblique incidence 
direction in agreement with previous works.19, 26 As it can also be observed in the set of 
magnetic loops, there is a decrease of the coercive field (HC) in the hard axis with the 
growth power (Figure 2 d). We can understand this behavior by taking into account the 
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7dependence between the growth power and the crystallite size. It has been reported that 
magnetic domains with size below the magnetic coherence length () present an increase 
of HC with the grain size .36  can be calculated by means of equation 2:
(2)𝛿 = 𝐴𝐾
where A is the exchange coupling constant, and K the anisotropy energy of the FeGa 
layers. Taking into account A = 1.6·10-11 J·m-1,12 and the experimental values for K (Table 
1), we obtain a  of at least 19 nm. The highest estimated crystallite diameter determined 
by XRD data was 14 nm (see table 1). Then, the smaller value of D in comparison to  
can explain the coercivity diminishment with the growth power. 
Up to this point, there seems to be a correlation between the coercivity and the 
medium range order originated by the growth power increase. If the grain size had any 
influence on the magnetic anisotropy, it would be to decrease the anisotropy as generally 
observed in nanocrystalline systems due to the average of local fluctuating anisotropies.36 
Nevertheless, we have experimentally obtained the opposite behavior, i.e. the magnetic 
anisotropy is higher in the layers with smaller grains. Therefore, the in-plane magnetic 
anisotropy must have another physical origin. In order to get a deeper insight into the 
structural properties of the layers is necessary to reach information about the local order 
since in previous works, it has been reported to be closely related to the magnetic 
anisotropy.9, 19-21 Therefore, we have also tackled a more detailed study of the local 
structure of the layers by performing XAFS spectroscopy. The fitting of the EXAFS 
spectra performed in the r-space (Figure 3.a) provides the structural parameters included 
in Table 1. The fittings of the short-range structure of Ga have been carried out 
considering a two atomic shell model in which the first shell is a Ga-Fe and the second a 
Ga-Ga shell. The structural parameters included in the model comprise a global 
expansion/contraction coefficient of the shells respect to the tabulated crystallographic 
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8reference (∆R), the Debye-Waller factor (σ2), and the non-structural parameter ∆E0, which 
accounts for the energy shifts of the theoretical calculated spectrum respect to the energy 
grid of the experimental one.37 All the structural parameters are quite similar, being 
feasible to consider all of them equal within the experimental error (Table 1). The ∆R 
parameter accounts for the shell distance dilatation respect to the tabulated value, and it 
is somehow related to the lattice parameter a. The fact that all the studied samples have 
approximately the same ∆R value is compatible with the fact that the experimental lattice 
parameters are also similar for all the growth powers (table 1). In the case of the σ2, we 
can also assume that the static local disorder can be considered the same for all the layers. 
Therefore, in this study in which all the samples have a very close composition, EXAFS 
does not provide relevant information about differences between samples. 
We have also addressed the study of the local range order by XANES. In general, 
when dealing with a complex mixture of phases like in these sputtered samples, the study 
can only be done qualitatively. In figure 3.b, the main peak (also defined as white line) of 
the XANES experimental spectra of the studied FeGa layers is presented. Similar XANES 
results can be found in works about Ga-rich FeGa thin films.19-20 The shape and intensity 
of the white line is related to the proportion of the different structural phases that can be 
present in these samples that are: A2, B2, and D03. In order to highlight the differences, 
we present in figure 3.c, the subtracted spectra with respect to the layer deposited at the 
lowest growth power. For example, (90 W) - (50 W) indicates the subtraction between 
the spectra for layers deposited at 90 W and 50 W, respectively. The subtracted spectra 
exhibit one main negative peak (at around 10374 eV) followed by a maximum (at around 
10400 eV), both of them indicated by arrows in figure 3c. The negative peak has been 
assigned to Ga-pairs formed upon the alignment of B2 cell units, whereas the maximum 
at higher energies is an indication of the tetragonal distortion of the also B2 cell.20 
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9Therefore, the increase of the uniaxial in-plane magnetic anisotropy with the growth 
power is related to the enhancement of both, Ga-pairs and tetragonal distortion, as 
previous works have already pointed out.19-20 Theoretical calculations have shown that 
rather than the direct nucleation of the D03 phase, it appears from a cascade of congruent 
orderings starting from disorder A2  Ga-rich aggregates: A2  B2  D03.38 The increase 
of the growth power can prevent the crystallization from B2 to D03, keeping B2 in a 
higher proportion respect to D03.
The experimental results presented in this work are fundamental to shed light upon 
the origin of the magnetic anisotropy in FeGa thin films. Here, we have observed that the 
local range order can be tuned by means of the growth power when the Ga concentration 
is fixed in a very narrow range. In this study, the magnetic anisotropy is controlled by 
both, Ga-pairs and tetragonal distortion. A similar conclusion was obtained when 
studying the effect of the thickness.20 Therefore, the correlation between magnetic 
anisotropy and both, Ga-pairs and tetragonal distortion, is fundamental in FeGa alloys, 
and therefore, it can be used to tailor the magnetic anisotropy by means of the local order. 
In addition, the growth power determines the coercivity of the layers through the medium 
range order. 
CONCLUSIONS
We have investigated the influence of the growth power on the magnetic properties of 
Ga-rich Fe100-xGax (x ca. 29) thin films deposited by sputtering in the ballistic regime in 
oblique incidence. The experimental results show that the variation of the growth power 
has a small effect on the Ga content being possible to correlate the power with the 
structural and magnetic properties of the layers. It is observed a decrease of the medium 
range order, characterized by the grain size, as the power is increased that reduces the 
Page 9 of 23
ACS Paragon Plus Environment






























































coercivity of the films. The growth power also determines the local range order that has 
an impact on the in-plane magnetic anisotropy upon the enhancement of both, Ga-pairs 
and tetragonal distortion. This work adds clues to understand the magnetic behavior of 
FeGa thin films and opens the way to tune the magnetic anisotropy by means of the local 
range order. 
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Table I. Ga Content as Measured by EDS, Lattice Parameter (a) and Grain Size (D) 
Inferred from XRD, and Parameters Inferred from EXAFS: Global 
Expansion/Contraction Coefficient of the Shells Respect to the Tabulated 
Crystallographic Reference (R), Debye-Waller Factor of the First Ga-Ga/Fe Shell 
(σ2 Ga-Ga1), Debye-Waller Factor of the Second Ga-Ga/Fe Shell (σ2Ga-Ga2) for 
Fe100-xGax Alloys Deposited in the Ballistic Regime at Different Growth Powers (P) 
in the Oblique Deposition
P = 50 W P = 70 W P = 90 W
Ga (at. %) 28(1) 29(1) 30(1)
a (Å) 2.894(2) 2.897(2) 2.899(2)
D (Å) 140(5) 104(5) 82(5)
HC, Hard axis (Oe) 35 20 15
K (J/m3) 2.2  104 3.0  104 4.1  104
∆R (Å) 0.08(1) 0.08(1) 0.08(1)
σ2Ga-Ga1 (Å2) 0.0074(3) 0.0074 (3) 0.0073(3)
σ2Ga-Ga2 (Å2) 0.0233(20) 0.0235(20) 0.0230(20)
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Figure 1. X-ray diffraction patterns in the Bragg-Brentano configuration for the FeGa 
films deposited in the ballistic regime at different growth powers: 90 W (90), 70W (70), 
and 50 W (50). A Mo layer is included for further comparisons. The curves are vertically 
shifted for clarity.
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Figure 2. Hysteresis loops at room temperature measured in the sample plane for different 
directions between the reference direction and the applied magnetic field: (●) 0°, and (■) 
90° for FeGa films deposited in the ballistic regime at different growth powers: (a) 50 W, 
(b) 70 W, and (c) 90 W. (d) In-plane magnetic anisotropy (K) and coercive field in the 
hard axis as a function of the growth power. 
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Figure 3. XAFS spectra of the FeGa layers grown by sputtering in the ballistic regime 
for increasing growth powers, 50 W, 70 W and 90 W. (a) Fourier Transform of the 
EXAFS spectra and best fits. (b) Detail of the main peak (white line) of the absorption 
edge in XANES for the different growth powers. (c) Subtracted spectra with respect to 
that for 50 W. For example, (90 W) - (50 W) indicates the subtraction between the 
spectra for layers deposited at 90 W and 50 W, respectively.
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 Figure 1. X-ray diffraction patterns in the Bragg-Brentano configuration for the FeGa films deposited in the 
ballistic regime at different growth powers: 90 W (90), 70W (70), and 50 W (50). A Mo layer is included for 
further comparisons. The curves are vertically shifted for clarity. 
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 Figure 2. Hysteresis loops at room temperature measured in the sample plane for different directions 
between the reference direction and the applied magnetic field: (●) 0°, and (■) 90° for FeGa films deposited 
in the ballistic regime at different growth powers: (a) 50 W, (b) 70 W, and (c) 90 W. (d) In-plane magnetic 
anisotropy (K) and coercive field in the hard axis as a function of the growth power. 
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 Figure 3. XAFS spectra of the FeGa layers grown by sputtering in the ballistic regime for increasing growth 
powers, 50 W, 70 W and 90 W. (a) Fourier Transform of the EXAFS spectra and best fits. (b) Detail of the 
main peak (white line) of the absorption edge in XANES for the different growth powers. (c) Subtracted 
spectra with respect to that for 50 W. For example, μ(90 W) - μ(50 W) indicates the subtraction between the 
spectra for layers deposited at 90 W and 50 W, respectively. 
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